We calculate the temperature dependence of the threshold current density J th in optimized ͑minimal J th ͒ and unoptimized InAs/InGaSb superlattices. We find that the threshold current density of the unoptimized superlattice is well described by J th ϰe T/T 0 , with T 0 ϳ32 K from 25 to 275 K. This is the first microscopic calculation for these superlattices which indicates that J th is well described by an empirical exponential form. In contrast, the threshold current density of the optimized superlattice is not well parametrized by a characteristic temperature T 0 . This superlattice is only optimized between 250 and 350 K, due to the sharp structure of the intersubband absorption spectrum. We also consider the effect on J th of uncertainties in layer thicknesses. © 1998 American Institute of Physics. ͓S0003-6951͑98͒01812-9͔
In mid-infrared semiconductor lasers, which are currently of great commercial and military interest, nonradiative processes dominate near room temperature and may lead to a rapidly increasing threshold current density (J th ) with increasing temperature. Nonradiative ͑Auger͒ events involving the recombination of a pair and the temporary excitation of another hole appear to dominate in lasers based on the InAs/ InGaSb material system. 1, 2 Initial predictions for optimized InAs/InGaSb superlattices of nonradiative recombination rates lower than rates in bulk semiconductors motivated further exploration of this material system for use as a laser active region. 3 In this letter we compare the temperature dependence of J th for an optimized superlattice ͑designed for minimal J th at 300 K͒, and another, unoptimized superlattice. A primary conclusion of this letter is that from 25 to 375 K the figure of merit T 0 , obtained from the empirical parametrization 4 J th (T)ϰe T/T 0 , describes the unoptimized superlattice well ͑T 0 ϭ32 K below 275 K, and T 0 ϭ65 K above 300 K͒, but completely fails to describe the optimized superlattice. This is the first calculation to indicate that for most InAs/InGaSb superlattices ͑i.e., unoptimized ones͒ J th grows exponentially with temperature.
The unusual dependence on temperature for the optimized superlattice can be traced to band structure features within the valence band which diminish the intersubband absorption at the lasing energy (E L ) and also the Auger recombination rate. As the temperature increases, E L decreases and the intersubband absorption per electron-hole pair ͑which, at fixed energy, is mostly independent of temperature͒ can increase or decrease depending on the local features of the intersubband absorption. A system optimized at a particular temperature has minimal intersubband absorption at the lasing energy and a minimum Auger rate for a given carrier density. A complementary investigation compared superlattices with different layer thicknesses but the same band gap (E g ) at the same temperature. Here E L remains the same but features in the intersubband absorption differ among the superlattices. The Auger rates depend sensitively on details of the band structure, but are relatively insensitive to variations in the layer thicknesses which are small but experimentally realizable: Ϯ3.5 Å for the InGaSb layer and Ϯ0.25 Å for the InAs layer.
The calculations of the band structures, threshold carrier densities (n th ) and J th are described in detail in Refs. 5 and 6. In contrast to Refs. 5 and 6 band-gap changes with temperature and the effect of intersubband absorption ͑which must be minimized to optimize the laser performance͒ are included. For simplicity, many-body effects such as selfenergy and collision contributions have been neglected. Based on considerations discussed in Refs. 5 and 6 we estimate the error in J th as a factor of 3.
Parameters for the bulk constituents of the superlattices at 0 K are tabulated in Ref. 5 . With the exception of the E g , parameters of the InGaSb alloy are linearly interpolated and temperature independent. The temperature dependence of the bulk E g for InAs is taken from Ref. Band structures at three different temperatures are shown in Fig. 1 for 12.5 Å InAs/39 Å In 0.25 Ga 0.75 Sb, which is optimized at 300 K. The most important intersubband transitions occur at the zone boundary in the growth direction. We show, therefore, two cross sections of the Brillouin zone; in the first, the momentum in the growth direction (K Ќ ) increases from the zone center to the zone boundary with zero in-plane momentum (K ʈ ); in the second, K ʈ increases from 0 to 0.1 Å Ϫ1 , while K Ќ remains at the zone boundary. Holes involved in the intersubband absorption originate in the HH1 subband. The energies E L ͑corresponding to the lasing energy͒ below the HH1 subband are shown by the dashed lines.
Intersubband absorption occurs at momenta where this dashed line crosses other bands. The temperaturedependence of the energy gap of the superlattice is comparable to that of the constituents, changing 60 meV from 100 to 300 K. The energy gap E g ϳE L determines the resonant energy for Auger transitions within the valence subbands, and is indicated with a dot-dashed line on the band structures one energy gap below the top of the valence band.
If we neglect the HH3 subband ͑thin solid line͒, then in the temperature range 250-350 K the dashed line lies within a gap between the LH1 and LH2 subbands. As a result there is no Auger ''resonance'' and the intersubband absorption is minimal because of the lack of final states. At 300 K, as shown in Fig. 1 , the LH1 and HH3 subbands are mostly inaccessible for Auger processes. Thus for this superlattice Auger processes which excite a hole ͑hole-hole Auger cf. Fig. 1͒ are weak and the dominant Auger processes at 300 K excite an electron ͑electron-electron Auger͒. In the unoptimized superlattice the LH1 and HH3 subbands are accessible for band-edge Auger processes. This in addition to the increased carrier density required to overcome intersubband absorption, leads to a larger hole-hole Auger rate than electron-electron Auger rate at 300 K.
Ignoring the HH3 subband is approximately correct, since the matrix elements between the HH1 and HH3 subbands are weak in the region of importance in the Brillouin zone. This picture is supported by Fig. 2 , which shows the intersubband absorption spectrum, separated according to the final subband, for this superlattice at 300 K at the threshold carrier density. Since the valence band structure is not very sensitive to temperature ͑unlike E g and E L ͒, we can visualize the effects of changing temperature on the intersubband absorption per electron-hole pair as primarily due to the changing E L . The lasing energies at 200, 250, 300, and 350 K are indicated by arrows. Intersubband absorption at threshold (␣ int ) is only 30 cm Ϫ1 at 300 K in this design, since E L lies between two large features. At a temperature of 200 K, however, E L lies within the higher-energy feature and ␣ int is 93 cm
Ϫ1
. Since the intersubband absorption rises less quickly with density than the gain, by injecting more carriers it is usually possible to overwhelm the intersubband absorption. These additional carriers, however, increase the Auger recombination rate and lead to higher J th .
␣ int , n th , and J th for this optimized 12. value is 50 K. In contrast, a T 0 ϭ32 K for TϽ275 K and T 0 ϭ65 K for TϾ300 K describe the unoptimized superlattice well, due to the smoother character of the intersubband absorption at E L .
It is interesting to note that the T 0 of the optimized SL above 300 K is lower than that of the unoptimized SL, even though the value of J th is 12 times lower. This is due to the rapid rise in intersubband absorption in the optimized SL above 300 K. We note also that the relationship J th ϰT 3/2 ͑Ref. 9͒ has been derived for a three-dimensional structure where intersubband absorption can be neglected and the radiative recombination rate dominates. This power law fits the unoptimized superlattice to 150 K, above which the large intersubband absorption makes J th increase faster than T 3/2 . We have thus identified a key anomalous effect on the temperature dependence of J th arising from nontrivial features within the band structure of the superlattice at the resonant energy. If the band structure at the resonant energy does not change much with temperature, then the T 0 parametrization may work. This is the case for bulk semiconductors and for InGaAsP 1.3 m quantum well lasers. 10 If we consider only the behavior of the Auger recombination rate with temperature for a fixed carrier density, then a related type of anomalous temperature dependence has been seen 11 in InAs and InAsSb/InAlAsSb multiple quantum wells, where there is a rough equality between E g and the spin-orbit splitting ⌬. 12 In the systems discussed in this letter, the anomalous changes in threshold carrier concentration due to the structure in the intersubband absorption have a more pronounced effect on the temperature dependence of J th than the effects on the Auger rate for fixed carrier concentration.
As T varies the band structure features are roughly unchanged, but the relevant energies E g and E L change. We conclude by considering the complimentary case of changing the band structure features ͑by adjusting the layer thicknesses͒ and leaving E g unchanged. Figure 4 shows the band structures of three superlattices at 300 K with the same band gap but different layer widths, indicating the important energies for intersubband absorption ͑dashed line͒ and the resonant energy for Auger recombination ͑dot-dashed line͒. The intersubband absorption should be smallest when the energies lie between LH1 and LH2. As shown in Fig. 5 , n th and J th are smaller for InGaSb layer thicknesses less than 42 Å. When the layer thickness reaches 42 Å, the LH2 state is resonant for intersubband processes from HH1, ␣ int jumps by 200 cm
, n th doubles and J th quadruples. The relative constancy of J th from a InGaSb layer width of 34-41 Å suggests that within a superlattice this thickness must be controlled to within Ϯ3.5 Å. The band gap of the superlattice is much more sensitive to the InAs layer thickness, so J th is roughly constant over a much shorter range of InAs layer thickness, from 12.1 to 12.66 Å. Therefore the InAs layer thickness must be controlled to within Ϯ0.25 Å, which is within the control of current molecular beam epitaxy technology. 13 Note added in proof : During review we have become aware of related work by Bewley et al. FIG. 4 . Band structures for three superlattice with the same energy gap but different InGaSb layer thickness. Notations are as in Fig. 1.  FIG. 5 . Intersubband absorption at threshold, threshold carrier density, and threshold current density for a family of superlattices with the same energy gap but different InGaSb layer thicknesses.
